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Abstract: Additive manufacturing (AM) is increasingly used for fabricating parts directly from
digital models, usually by depositing and bonding successive layers of various materials such as
polymers, metals, ceramics, and composites. The design freedom and reduced material consump-
tion for producing near-net-shaped components have made AM a popular choice across various
industries, including the automotive and aerospace sectors. Despite its growing popularity, the
accurate estimation of production time, productivity and cost remains a significant challenge due to
the ambiguity surrounding the technology. Hence, reliable cost estimation models are necessary to
guide decisions throughout product development activities. This paper provides a thorough analysis
of the state of the art in cost models for AM with a specific focus on metal Directed Energy Deposition
(DED) and Powder Bed Fusion (PBF) processes. An overview of DED and PBF processes is presented
to enhance the understanding of how process parameters impact the overall cost. Consequently, suit-
able costing techniques and significant cost contributors in AM have been identified and examined
in-depth. Existing cost modelling approaches in the field of AM are critically evaluated, leading to
the suggestion of a comprehensive cost breakdown including often-overlooked aspects. This study
aims to contribute to the development of accurate cost prediction models in supporting decision
making in the implementation of AM.

Keywords: powder bed fusion; directed energy deposition; cost modelling; cost estimation

1. Introduction

Additive manufacturing (AM) has rapidly evolved and been incorporated into produc-
tion systems. Several terminologies have been used to describe its introduction to the com-
mercial sector, including solid freeform fabrication, rapid prototyping, three-dimensional
printing and layered manufacturing. Conceptually, AM is a process that enables 3D de-
signs to be produced directly from CAD files without the need for part-specific tools or
die. Complex 3D objects can be created by gradually printing multiple layers on top of
one another using the freeform layer-wise fabrication technique [1]. Although, there are
emerging methods that do not follow the traditional layer-wise approach.

Compared to traditional subtractive manufacturing processes that remove materials to
produce the final part, AM offers numerous advantages such as design flexibility, reduced
material waste, cost-effective low-volume production and the elimination of expensive
tooling [2-5]. AM reduces the risk of component failure from the concept phase to the
final fabrication phase, while also speeding up the products’ introduction to the market,
decreasing the overall production costs [6]. AM has the potential to revolutionise a wide
range of applications, and more progress is essential to create cutting-edge designs and
operational procedures [7].

The capabilities of AM machines have already advanced to the point where the
product’s ability to be manufactured is now the restriction, rather than how the CAD model
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is designed and created [8]. However, AM processes are not immediately adopted or widely
dispersed. Any novel technology requires new infrastructure, expertise, standards and
established supply chains to be utilised effectively. In this case, it is crucial to comprehend
the costs and benefits of AM in mainstream manufacturing [9]. Therefore, cost modelling
plays an important role in newly established AM processes as it helps in determining the
feasibility and profitability of the process.

Over time, as more models, frameworks, and systems have been developed, the field
of cost modelling research in AM has also evolved. Various costing methodologies and
cost factors have been used in different application areas by researchers, with different
methodologies focusing on different aspects of additive manufacturing, such as design,
process, or system orientation. However, the ultimate objective of all these studies is
to provide a clear understanding of the costs involved in the use of AM. In order to
maintain a competitive advantage, an accurate cost model that effectively describes additive
manufacturing activities and uses appropriate resources is needed. The model should
accurately estimate the cost per unit of the final product or service [10]. The primary
function of a product cost estimating model is to forecast the total costs that will likely be
incurred throughout the product development and manufacturing stages. Accurate cost
estimates are considered crucial for the development of strategic product planning and
control systems, which may assist enterprises in achieving their financial objectives [11].
Additionally, they should be capable of identifying the major cost drivers for a specific part
so that efforts can be effectively focused for minimising manufacturing costs.

This paper provides a comprehensive analysis of the literature on the modelling
techniques and methodologies used for costing AM processes. The study aims to critically
evaluate the strengths and limitations of the existing cost models and highlight the gaps
and challenges that need to be addressed in future research.

An overview of metal AM technologies is provided in Section 2, followed by a compar-
ative analysis between the Directed Energy Deposition (DED) and the Powder Bed Fusion
(PBF) techniques in Section 3. In Section 4, state-of the-art cost classification techniques are
reviewed in the context of AM and the main cost drivers in AM are identified. Section 5
provides information on different cost modelling techniques, namely deterministic, stochas-
tic and software/computational models. A timeline of the major developments in cost
modelling for AM is introduced in Section 6. Studies on cost modelling of AM are classified
by the material and costing technique. A thorough analysis of these models is performed.
Finally, in Sections 7 and 8, the findings from the analysis are discussed and concluded and
a pathway for future research is provided.

2. Powder Bed Fusion (PBF) and Directed Energy Deposition (DED) Processes

The ASTM (American Society for Testing Material) has classified AM processes into
seven distinct groups based on shared characteristics in joining techniques used [12]: (i) VAT
photopolymerization, (ii) material extrusion, (iii) binder jetting, (iv) material jetting, (v) sheet
lamination, (vi) Powder Bed Fusion (PBF) and (vii) Directed Energy Deposition (DED).

A suitable process is selected based on the material types used, which span a range
from metals and polymers to ceramics and composites. The focus of this paper is on
Powder Bed Fusion (PBF) and Directed Energy Deposition (DED) processes for metal
parts. ASTM categorization for metals with melted state of fusion is shown in Figure 1 [13].
Three different aspects of AM are used to categorise these AM processes, which are the
state of fusion for the input material (melted or solid), material feedstock and source of
fusion/bonding technique [14-17]. It is essential to accurately model the cost of these
processes to ensure profitability and competitiveness in the market. Therefore, the process
steps and equipment for both processes are thoroughly analysed.

PBF procedures include delivering energy to the build area via the source, such as a
laser beam (PBF-LB) or electron beam (PBF-EB), which causes the powder to melt or sinter
and produce the desired form. Up until the final three-dimensional item is printed, a thin
fresh powder coating is then dispersed when the build platform descends, and the powder
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platform ascends [18]. Figure 2 shows the schematic of the PBF process. The capacity to
create intricate shapes with internal channels at high resolution is one of the benefits of
PBF technologies [19]. The variations between the PBF processes include those pertaining
to two different energy sources used to either sinter or melt the metal powder, which are
a laser or electron beam [19-21]. In SLS, a laser beam is used to fuse metal alloy particles
layer by layer on a powder bed to create pre-defined CAD objects [22,23]. Selective Laser
Melting (SLM) is an extension of the SLS process in which a melting process is used instead
of sintering [24,25]. Electron Beam Melting (EBM) is another PBF process where the powder
is melted during the process. The main difference between EBM and SLM is that EBM
makes use of an electron beam in a vacuum environment as opposed to a laser beam under
an inert gas such as argon [24]. A high-energy electron beam, acting as a heat source, melts
powder by scanning the powder bed at high speed [26].

Additive manufacturing processes of
metallic materials (melted state)

[ 1

Material feedstock................. [Filament/wire materialj ........................... Powder material |........
I
[ i 1
Source of fusion------ [ Electron beamI Arc I Laser [« Laser | Electron beam]--
| | | Blcl)wn powder DED T | |
Process category ... Directed energy deposition |- Powder bed fusion
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Figure 1. Categorization of additive manufacturing processes for metallic materials according to
ASTM standards.
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Figure 2. The schematics of Metal Powder Bed Fusion process.
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PBF processes have a constrained construction envelope and switching between
materials can be time consuming and costly. Whilst there are emerging multi-material
PBF technologies [27], most machines only process one material at a time. In most cases,
only one material is processed on a machine, due to the need to clean the machine before
switching between materials. Therefore, multiple machines will be required for processing
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different materials which can lead to increased capital cost. In PBF, the powder may be
entrapped within the internal geometries of a part, necessitating additional post-processing
which can increase the overall manufacturing costs.

In the DED technique, on the other hand, the materials, filament, wire or powder
are melted first and then deposited on a solid surface or the previous layer. In DED,
the substrate is heated by directing energy into a small, concentrated area, melting the
substrate while also melting the material being added to the melt pool of the substrate.
DED procedures are utilised to melt materials as they are being deposited rather than to
melt materials that have already been put out on a powder bed [2]. The powder is targeted
directly into the laser or electron beam focal point, leading to more efficient deposition.
Furthermore, less powder handling in DED processes may reduce the risk of contamination
and degradation that might happen in the PBF process during the collection, sieving
and recycling processes. As such, powder consumption in DED may be reduced, which
will have an impact on the overall AM cost. Depending on the phase of the feedstock
material, DED procedures may also be divided into two subgroups: powder- and wire-
based [28,29]. Figure 3a shows the schematics of Laser Engineered Net Shaping (LENS),
which is a powder-based DED process, whereas Figure 3b depicts the basic schematics of
the wire-based Wire-Arc Additive Manufacturing (WAAM) process.

Torch
(a) 7 ) 4 .
Laser beam b > Wire feeding
i Powder stream 7
1 ”
Shield gas ——o' Arc. -
G
Deposited bead as— Deposited bead
Substrate Substrate
| Moving plate ] | Platform |

B ——

Vacuum chamber Deposition direction

Figure 3. The schematics of powder-based and wire-based DED processes: (a) LENS process;
(b) WAAM process.

Direct Metal Deposition (DMD) (also referred to as Laser Cladding, Laser Metal
Deposition (LMD), Laser Consolidation or LENS [15,30,31]) uses a laser beam to completely
melt the metal alloy particles. A close-by feeding nozzle (coaxial or off-axial) is responsible
for supplying the powder. The DMD process’s small heat-affected zone allows for the
construction of thin walls, which can also be useful in surface modification applications for
repairs [28,32].

Wire-based AM techniques for metal alloys use an energy source, e.g., laser, electric
arc or electron beam, to melt a metallic wire [33]. Wire-feed Laser Additive Manufacturing
is an example process where a laser beam is concentrated on the substrate to melt the wire
feedstock within an argon gas environment [34]. Apart from electron-beam AM, most
wire-based AM methods operate within an open environmsent using a cartesian motion
platform or a robotic system which allows for the production of components of any size,
enabling cost-effective production of large structural aerospace parts [33,35,36]. WAAM is
an example of a low-cost evolution of Gas Tungsten Arc Welding [37]. It has the potential
to produce near-net shape preforms for large components without the use of complicated
tooling, moulds or dies. This can potentially result in reductions in manufacturing costs
and lead time, improved material efficiency and lower inventory and logistics costs through
local, on-demand manufacturing. Busachi et al. [38] highlighted that WAAM has lower
capital and feedstock costs compared to PBF and higher deposition rate makes it an
attractive solution for producing large components.
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3. Comparison of the DED and PBF Processes

PBF and DED techniques have unique processing constraints and particular strengths
and weaknesses. The primary pre-processing characteristics are material accessibility, design
integrity, component quality (geometrical fidelity), build volume, and scanning speeds.
Moreover, suitable post-processing treatments are a crucial consideration when choosing
the right procedure for a certain application since they may be necessary to improve the
mechanical properties and functions of the fabricated parts [39]. All of these parameters can
have a direct impact on the processing costs. Therefore, evaluating the process characteristics
is essential for informed decision making and accurate cost modelling in metal AM.

Vartanian et al. [40] compared DED and PBF technologies to evaluate the cost and
print speed for a mid-size titanium (Ti6Al4V), Inconel 718 and AISI 316 stainless-steel metal
component with a simple geometry. The findings of the research demonstrated that PBF
is about ten times slower and five times more expensive than DED. They also concluded
that completely dense materials with outstanding mechanical and fatigue characteristics
can be produced via the powder-fed DED technique. However, it is important to consider
that this conclusion might be limited to specific material types and process parameters [41].
PBF machines may be utilised to manufacture relatively small metal components with
intricate internal geometries. There are studies [42,43] also investigating the impact of
layer thickness on build quality, which can also speed up the manufacturing process.
In PBF-LB of Ti-6Al-4V, Brudler et al. [44] reported that increasing the layer thickness
from 60 um to 300 um can increase productivity but at the expense of reduced elongation
percentage. Powder-fed DED machines can be used to create large parts that can have a
layer thickness of 1 mm and above, produce features on existing components or repair
damaged or worn-out metal parts.

Comparing PBF with DED in terms of deposition rate and surface roughness (caused
by layer thickness), it can be observed that PBF provides a superior surface finish since it
uses smaller beam sizes and thinner layers than DED. The deposition rate for PBF, however,
is also lower as a result. This makes PBF suitable for smaller parts with complex geometries
and internal features which cannot be easily produced using other manufacturing processes.
In contrast, DED is better suited for comparatively large components with relatively high
buy-to-fly ratios. In this regard, it reduces the material required for producing a part
compared to machining from a block and does not have the need for rigid moulds and
dies as in forging processes. In essence, DED provides a flexible manufacturing solution to
forging and casting whilst reducing material consumption compared to rough machining.
DED can also be used for repairing surface damage on worn-out parts or to deposit
additional features onto existing components [45]. Similar observations have been reported
by Dutta and Froes [46]. DED is more suitable for larger components with coarser details
and a high deposition rate, whereas PBF technologies are better for smaller parts with
complicated or hollow features [46,47]. Figure 4 shows the comparison between PBF,
powder-fed DED and wire-fed DED in terms of layer thickness and deposition rates based
on the reported data in the literature [48-59].

DED techniques often have coarser surface quality than PBF and powder-fed DED
techniques. The usual average surface roughness (Ra) values for PBF and powder-fed DED
procedures fall between 20 and 50 um. The surface finish for wire-fed DED operations,
however, is noticeably coarser and may exceed 200 um [60,61]. The surface roughness
of the as-built parts may necessitate post-process finish machining to achieve the design
objectives. This also dictates the amount of material that needs to be machined after AM
processing, which can impact the overall manufacturing costs both in terms of additional
material to be deposited and the increased machining requirements [56,62]. Table 1 shows
a summary of process characteristics for PBF and DED.
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Figure 4. Relation between deposition rate and layer thickness for typical PBF, powder-fed DED
and wire-fed DED; SLM: Selective Laser Melting, SLS: Selective Laser Sintering, EBM: Electron
Beam Melting, DMD: Direct metal melting, LENS: Laser Engineered Net Shaping, LMD: Laser Metal
Deposition, EBF: Electron Beam Fabrication, WAAM: Wire-Arc Additive Manufacturing, CMT: Cold
Metal Transfer, MIG: Metal Inert Gas.

Table 1. Comparison of PBF and DED technologies [51,60,61,63-67].

Proverties PBF-LB (e.g., SLM, PBF-EB (e.g., Powder-Fed DED Wire-Fed DED
P SLS) EBM) (e.g., LMD) (e.g., WAAM)
Beam size 20-100 pum 100200 pm 0.5-3 mm 0.9-12 mm (wire
diameter)
Average density of 99.53% 99.5% 99.4% 99%
fabricated parts
Layer thickness 25-75 pum 50-200 pm 0.4-1 mm 1.5 mm
POWd:Zzamde 10-45 um 45-106 um 50150 um NA
Surface finish Ra 9-12 um Ra 25-35 um Ra 20-50 pm Ra 200 pum
Melt pool 0.5-1.5 um 2-3 um 25 mm 3-12 mm
dimension
Min. dimensional 0.2-0.4 mm 0.1-4 mm
accuracy
Build volume <200 mm?, can reach 700 mm?3 Can reach above 8000 mm3

4. Economics of AM

To determine the suitability of either PBF or DED for manufacturing a specific type
of product with a certain production rate, the economies of the processes should be fully
understood. Cost estimation is a crucial aspect in the assessment of AM and the commer-
cial viability of producing parts using a specific AM method instead of other alternative
processes. As such, cost estimation is directly related to the performance of a business by
preventing over- and under-pricing [38]. In this section, various cost estimation techniques
are analysed in detail.

4.1. Cost Estimation Techniques
According to Niazi et al. [68], there are four main categories of cost-estimating methods:
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1.  Qualitative: Intuitive techniques—the expertise of a domain expert is utilised to
estimate the cost based on experience.

2. Qualitative: Analogical techniques—this technique is based on previous data where cost
estimation is performed by comparing how similar the old and new components are.

3. Quantitative: Parametric techniques—this technique calculates the costs based on the
process cost drivers.

4. Quantitative: Analytical techniques—using this technique, a manufacturing process
is divided into its basic components, operations and activities. The overall cost is then
calculated by adding the costs for these.

Quantitative cost models typically contain analytical and parametric approaches,
while qualitative cost models include intuitive and analogical methods. Niazi et al. [68]
claimed that although they often lack accuracy, qualitative approaches are advantageous
for estimating costs early in the product lifecycle since they require less information and are
simple to use. Although quantitative procedures often demand more data, they typically
result in more accurate results.

Intuitive cost estimation techniques can be used where there is a need for expert
judgement at the early stages of innovative designs, which results in quick and flexible esti-
mations. However, it might be inconsistent, unreliable and biassed due to the subjectivity
of the estimator [38,69]. Analogical techniques take a portion of the judgement into account,
but they also include characteristics for comparing data for a new product with actual data
of an existing product. The level of similarity between these data affects the reliability of
the estimation [70]. Parametric techniques aim to elaborate the relationships between the
characteristics of a product and cost drivers. Cost drivers can be utilised effectively but
the simplicity of the statistical links and lack of reflection of user experience might impact
the accuracy [71]. Finally, the analytical approach is a set of mathematical procedures that
breaks down the manufacturing of a component into its constituent units according to the
actions or activities involved in its creation [72]. The advantages and disadvantages of
these techniques are summarised in Table 2.

Table 2. Advantages and limitations of method-based classification techniques.

Method-Based Cost Classification Advantages Limitations
- Quick and flexible. - Inconsistent and therefore not repeatable.
Intuitive - Easy comparison between projects. - Prone to bias and error.
- Uncertainties can handled effectively. - Nondeterministic.
Qualitative

- Quick access to historical data. - Alteration of existing data is subjective.

Analogical - The origin of estimation is known by Limited change in cost variables.
the user.

- Objective/repeatable due to - Lack of user experience.

Parametric statistical analysis. - Use of generic algorithms may affect the
- Flexible customisation. representation of reality.

Quantitative
) - High accuracy due to the availability of cost ﬁ;gi\‘j?gier:g:;ijat desion stage
Analytical driver information. y 5 ge-

- Requires technical expertise.

It was discovered that prior scholars have categorised costs within the AM context
based on a number of factors depending on the cost utilisation goal and the project or
research’s main emphasis. This observation holds as various viewpoints on the industry’s
overall expenses may emerge depending on the specific roles and responsibilities assigned
to the individuals. Kadir et al. [10] considered these various viewpoints in the AM industry
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and categorised the cost estimation techniques according to three different perspectives:
manufacturing, management and finance, as shown in Figure 5.

N
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Level-based
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Figure 5. Different viewpoints of cost classification. Adapted from [10].

Each of these viewpoints often used a distinct classification strategy, such as method-
based, task-based, or level-based. From a financial and accounting standpoint, the cost
models that were classified as either qualitative or quantitative were typically categorised
using a traditional cost accounting approach, as Niazi et al. [68] established. This cat-
egorization is known as the “method-based methodology”, and its divisions are based
on how the cost models were created [10]. When commissioning manufacturing tasks,
task-based categorisation approaches are often employed. This method categorises the
many stages of product development and manufacturing activities. In general, the stages
may be divided into cost models that are process- or design-oriented [10]. Design-oriented
cost models, such as simplified breakdown cost estimation, are often conducted during
process planning for a newly designed manufacturing process and they typically cover
design-related activities. If there are multiple manufacturing process options to customise
for a specific product, it is possible to understand the change in production cost with
design-oriented cost models [73]. Contrarily, process-oriented models include expenses
associated with the manufacturing sector that are mostly connected to direct costs (such
as materials, labour, equipment and energy) and indirect costs (e.g., administrative and
secondary operations) [10]. Activity-based costing (ABC), which was introduced by Cooper
and Kaplan [74], is one of the popular techniques that are process-oriented. Manufactur-
ing costs can be calculated accurately since the relationship between the product and the
resources assigned to the operations can be represented in a consistent way [75].

Finally, in the level-based classification, each cost model was typically classified
as either a process-level or a system-level model, and often, economic and managerial
viewpoints were employed. The expenses associated with manufacturing or total costs are
covered at the process level, while costs associated with services, the supply chain, and the
product life cycle are covered at the system level. For instance, Jarrar et al. [76] developed a
process-level cost model using the ABC approach. This model was created to address the
missing cost components in earlier cost models and to highlight the major drivers of AM
costs, as well as how they relate to product requirements and customer needs.

The academic AM cost estimation field mainly employed analogical process-oriented
techniques using the manufacturing viewpoint, whereas there have been limited studies
using the management perspective. It may have been difficult to focus on the system-level
approach due to the pace of development in the AM field and the unique cost drivers of
each AM technology. Common cost drivers and their categorization for AM processes
using a manufacturing perspective are elaborated on in the following section.



J. Manuf. Mater. Process. 2024, 8, 142

9 of 31

4.2. Cost Contributors in AM

In the cost analysis for AM, two main groups can be identified. The first group is
focused on comparing AM with conventional manufacturing methods such as machining
and injection moulding with the aim of identifying situations where AM offers an economic
advantage. The second group is focused on cost estimation for AM by determining the
resources used at different stages of AM, including information on the utilised resources
and their general use [77].

The majority of applications for AM mentioned in the literature are based on the
technology’s unique benefits, such as its ability to produce complex geometries, flexibility
and that it does not require specific tooling. Whilst there are mature cost models for other
manufacturing processes which allow practitioners to make informed decisions at various
levels, there are still gaps in the knowledge when it comes to costing of AM technology. A
comprehensive and generalised cost model for AM can enable decision making for selecting
appropriate manufacturing process routes, investing in new machinery, forecasting returns
on investment and bidding for contracts. This is particularly vital for the uptake of AM
in industry and especially for small- and medium-sized businesses [46]. Cost is often the
deciding factor, with break-even thresholds for various production methods serving as the
main source of information.

The cost contributors in AM can be divided into pre-processing, processing and post-
processing [78]. In order to achieve a comprehensive cost model, life cycle costing should
be considered, which includes the operational costs, recycling and end of life costs of a
product, as shown in Figure 6. The majority of research has focused on processing costs,
whilst some researchers have taken pre-processing and post-processing into account. Each
stage of AM includes direct and indirect costs. Direct costs can be linked to a particular
cost object, such as a service, activity or product. Indirect costs are expenses that cannot
be traced to a specific cost object and may be shared between many activities, products
and services. Whilst direct costs are usually utilised for cost estimation, indirect costs may
not be included in such an analysis [79]. Determining an effective and transparent method
for assigning indirect costs can be challenging. As a result, many of these expenses are
considered as production overheads or corporate overheads, which persist even if a specific
product is not manufactured or an activity is not undertaken.

Raw Material Feedstock . . ) .
. D . b g Pre-processing p  Processing ) g Post-processing P Use >4 End oflife
Production Production :
) LA o

Reuse

---------------E

In AM, the direct costs generally include production, tooling, testing, raw materials and
consumables, and energy, whereas the indirect costs consist of production overheads, inventory
control, overhead expenses and handling. The term “overhead expenses” refers to the full
category of indirect expenditures, which can include labour, energy and material costs [72].

i- Pre-processing costs typically account for the expense of labour, machine setup,
and overheads. Labour cost includes the process of converting CAD files, selecting the
appropriate part orientation, creating support structures and transmitting the CAD file
into the AM system. Machine setup costs include not just the cost of the machine itself
but also the time it takes to add materials and warm up the machine. Overhead costs
encompass production and administrative expenditures. Pre-processing expenses may also

Figure 6. Stage of AM production for whole life cost analysis.
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include indirect costs such as depreciastion of assets and equipment, rent for industrial
space, utilities, external legal costs, audit costs and licencing fees [80,81].

ii- Processing costs, which comprise material, machine, labour, energy, process control
and administrative costs, constitute a significant portion of costs in additive manufacturing
systems. Direct material, support structures and material depreciation expenses are all
included in the cost of materials. Processing, depreciation of the machine and maintenance
expenses are all included in the machine cost. Also included in the cost is the expense of
maintaining the machine’s performance while the product is being built [81-83].

iii- Post-processing costs are the expenses that are often required to transform the
component into its finished state. Operations such as cleaning, curing, heat treatment,
reassembling and finishing are all examples of post-processing depending on the needs of
the consumer. While some of these jobs may be completed with ordinary manual labour,
others can need specialised equipment and operators with specialised skill sets. Post-
processing expenses will thus comprise those for materials, labour, equipment, energy,
overheads and testing. Machine costs include the cost of the tools and machinery used,
including wire electrical discharge machines, CNC machine tools and equipment for
infiltration and heat treatment. All post-processing tasks that need an operator to be
present are included in labour costs. The cost of testing includes all inspection costs for
determining the final product’s quality. Among them, but not exclusively, are inspections
for surface integrity, mechanical properties, and dimensional accuracy. The energy used for
cleaning, heat treatment, hot isostatic pressing or machining is accounted for by energy
expenses [83,84].

The primary cost contributors during pre-processing, processing and post-processing
operations can be listed as machine costs, material costs, energy costs, facility or infrastruc-
ture costs and labour costs. The impact of varying machine capital costs, material costs,
machine utilisation and build rate, in terms of a percentage contribution, on the cost of a
stainless-steel part fabricated using PBF-LB is demonstrated in Figure 7 [9,85]. For each
column, a single cost driver was varied while the other parameters were kept constant to
observe its impact on the overall cost composition. The variation in influencing factors has
demonstrated that although a reduced machine rate cost can be achieved, it will remain
one of the dominant factors in the production process.
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Figure 7. Cost breakdown of AM metal parts with varying factors. Adapted from [85].
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e  Machine Costs

Schroder et al [86] discovered that machine investment costs were the main drivers of
the production costs. As a result, the initial investment cost, together with operational and
recurrent feedstock costs, is a crucial factor in choosing an AM process since the prices of
AM technology continue to be relatively high [85]. The machines may cost anything from
USD 115,000 to USD 1.9 million for a PBF machine that can make components as big as a
full-scale V6 engine block. Since so many businesses are now providing their systems, there
are various pricing and choice alternatives available, and rising competition is beginning to
drive prices down [87].

A case study on production-focused cost modelling of a UV light-based AM technique,
carried out by Wiese et al. [88], demonstrated how an increase in printer size might have
a beneficial effect on the prime cost per component. This correlation, however, is not
linear because different machines have varied relative shares of the total cost. According
to the results of the sensitivity analysis, the best possibility for additional reductions in
production costs may be found in the cost drivers linked with machine costs, such as
machine leasing/ownership price or print speed. Lindemann et al. [85] examined the
cost of AM production using sample Augsburg parts [84]. A breakdown of the costs for
producing a stainless-steel part using PBF-LB showed that machine costs are the primary
driver, accounting for 73% of the manufacturing cost, followed by material costs (12%).

The impact of depreciation is very significant on the overall cost of utilising a machine
over its lifespan. Typically, machine depreciation is calculated based on 10%-15% of the
initial purchase price and full write off after 8-10 years. Hopkinson and Dickens [89]
calculated the annual machine cost per part assuming that the depreciation is 8 years,
whereas Cerdeal et al. [90] used 10 years for the machine depreciation time. However, there
can be different applications. For instance, Atzeni et al. [80] conducted a case study where
they fabricated an assembly of an aluminium landing gear structure through High-Pressure
Die Casting and PBF-LB. They used a straight-line depreciation technique and assumed
5 years of useful lifetime for the PBF-LB equipment. It was concluded that the allocation of
the die cost on a particular component determines the cost of the part manufactured by
casting. The mould cost contribution on the component decreases as the manufacturing
volume increases. However, since the capital cost of the PBF-LB equipment was significant,
the depreciation of the machine accounted for around 90% of the component cost in the
case of AM, with material costs accounting for the majority of the remaining costs.

e  Material Costs

The cost of materials utilised in AM, in the form of powder or wire, tends to be higher
compared to the wrought materials commonly employed in conventional manufacturing
processes [9]. This is partly due to the additional manufacturing steps that are required
in producing powder or wire. Additionally, lower volumes of materials are produced
specifically for AM, contributing to the higher price. The price of AM feedstock materials
such as steel, nickel and titanium alloys are sometimes up to 10 times higher than that
of wrought material, leading the material cost to become a major cost driver in AM. For
niche and expensive materials, the feedstock cost can be even more significant. The price
of metal powder such as spheroidised titanium, which is typically used in PBF, may vary
from “USD 260 to USD 450 per kg” and other spheroidised alloys such as Niobium can
cost as high as USD 1200/kg [91]. However, these prices are expected to reduce in the
future as more suppliers enter the market and supply chains are established. As a result,
particularly for low-volume components, the impact of the selected material on overall
costs will diminish even further in the future [92,93]. Table 3 shows the prices of wire and
powder feedstock based on the current market research (2024). It can be seen that generally,
the price of powder feedstock is higher than wire feedstock.



J. Manuf. Mater. Process. 2024, 8, 142 12 of 31
Table 3. Price comparison for 1 kg of different types of material feedstock.
Material Feedstock Titanium Inconel 718 Stainless Steel 316
Wire—1-1.5 mm diameter USD 92.5 USD 114.53 USD 39.9
Powder—AM Grade USD 429 USD 198 USD 135

Dias et al. [94] noted the high material usage and deposition rates in WAAM of Ti-
6Al1-4V alloy and found that 55% of the overall manufacturing costs are associated with
feedstock wire. This is significantly higher than the costs associated with equipment
utilisation. For WAAM to be more economical, material waste should be reduced as
much as possible. While the WAAM process boasts a substantially lower buy-to-fly ratio
compared to traditional machining processes, the cost savings derived from the material
volume are offset by the material price differences associated with the feedstock material
format [94]. Kokare et al. [95] observed that when the post-processing material allowance
is kept below 4 mm, WAAM is a more cost-effective process compared to traditional
processes. Therefore, it is important to include post-processing material allowance in the
cost sensitivity analysis.

e Energy Costs

Energy consumption was examined in certain cost studies for AM, such as those by
Hopkinson and Dickens [89], but was not reported since it made up less than 1% of the
total cost. In most cases, it is considered as an overhead cost. However, when comparing
the cost of AM to other production processes, energy consumption is a crucial element,
particularly when assessing the expenditures from cradle to grave. It can be observed that
research on energy usage in AM often only looks at the energy used by the system itself
and in the refining of the materials [9]. For instance, Baumers et al. [96] investigated the
energy consumption of several AM technologies, including commercial Laser Sintering and
different PBF-LB and Fused Deposition Modelling systems. The results showed that the
energy consumption for a single part was higher than when the machine volume was fully
utilised. Morrow et al. [97] compared traditional tool and die manufacturing with DMD.
They established that the solid-to-cavity volume ratio has a direct impact on energy usage.
Solid-to-cavity volume ratio is defined as the ratio of the mass of a part to the equivalent
mass of the volume of the envelope of the part [97]. DMD, an AM technique, uses the least
amount of energy at low ratios, whereas computer numeric controlled milling uses the
least amount of energy at high ratios.

Landi et al. [98] compared CNC machining and LENS to manufacture an AISI 4140
spur gear. LENS displayed a relatively superior material efficiency of 31% compared
to CNC milling’s 10%. However, LENS consumed about seven times more energy than
CNC milling. Consequently, both approaches demonstrated strengths and weaknesses in
various impact categories, with no approach definitively outperforming the other. Thus,
the WAAM process is considered the most balanced option in terms of energy consumption
when compared to traditional and laser-based AM approaches [84].

Piili et al. [99] investigated the economics of the laser beam PBF process using two
extreme build scenarios. It was seen that, when 40 items are being produced concurrently,
the share of machine cost decreases by 6%. The time savings reduce energy consumption
per item by 81%, but because of its small proportion, it is less obvious than the decrease
in machine time and cost. When compared to producing parts individually, the expenses
were lowered by 81-92% by manufacturing as many components as possible in one build.

In order to evaluate the overall effects of WAAM-based products with those made
using traditional manufacturing processes, Priarone et al. [100] measured the performance
parameters of both methods and proposed a multi-criteria decision-analysis mapping. The
findings show that the WA AM-based strategy significantly cuts down on resource/energy
needs and CO; emissions. On the other hand, the costs and time required are always
specific to the product and the material.
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Another study on energy consumption between WAAM integrated with machining
and pure machining, performed by Campatelli et al. [101], showed that the combination
of WAAM + machining has higher direct energy consumption compared to machining
from a solid block for manufacturing an EN 5235]R steel turbine blade. However, from a
sustainability point of view, the overall energy demand was lower for WAAM + machining
due to lower material consumption.

From energy-intensive techniques like Laser Sintering to the more balanced approach
of Wire-Arc Additive Manufacturing (WAAM), the intricate relationship between energy
consumption, material efficiency, and production volume comes to the fore. These insights
emphasise the need for comprehensive evaluations, not only considering costs but also
energy demands and environmental consequences.

e  Facility or Infrastructure Costs

The design and layout of the manufacturing facility can have a significant impact on
the efficiency and effectiveness of the manufacturing process. AM machine manufacturers
may require specific ambient temperature and humidity conditions. Additionally, specific
health and safety requirements in terms of fire safety, laser, plasma arc and x-ray safety, air
filtration and ventilation may add to the initial and operating costs of AM [102,103].

e Labour costs

Labour cost can change significantly depending on the operations of manufacturing
processes. The majority of DED AM machines are highly automated and require minimal
intervention during the build process. A large portion of the labour time is instead spent on
the setup and part removal [104]. For proven builds, the in-process intervention is typically
limited to restocking the feed material where possible. In an optimised WAAM process
where two parts in parallel are deposited, the processing time, and therefore the working
hours, would be reduced due to lower waiting times for cooling and travelling times [105].
On the other hand, the post-processing and finishing operations of AM parts can be the
most labour-intensive aspect of part manufacture. Depending on the design and the AM
process used, there might be a need for powder and support structure removal.

5. Cost Modelling Techniques

Deterministic modelling, stochastic modelling and software/computer-based mod-
elling all belong to the domain of cost modelling techniques.

e  Deterministic Modelling

One of the most simplified methods for modelling is using deterministic parameters
and values. When making financial planning choices, cash flow modelling techniques that
employ deterministic or overly simplified stochastic predictions are essentially faulty since
they cannot take ongoing factors that will alter the plan over time into account [106].

Several stages are taken in a methodical sequence to construct a complete deterministic
cost model. Firstly, activities in the manufacturing process such as preparation (creating
the CAD model, process planning and configuring the machine), processing and post-
processing should be listed. Secondly, the time required to accomplish each task is estimated.
The accuracy of the build time estimate is of utmost importance at this stage. In additive
manufacturing, the time it takes to produce a product layer by layer usually makes up the
majority of the build time. As part of the processing time, the warmup and cooling times
are also taken into account. Time estimation is crucial since it determines the accuracy of
the build time, which in turn influences the cost factors. The final stage of deterministic cost
modelling is to perform cost computations using the necessary algebraic equations [107].

e  Stochastic Modelling

Stochastic models have the ability to capture the variabilities and uncertainties in
costs associated with different aspects of AM. Stochastic models include some intrinsic
unpredictability, resulting in a range of outcomes for identical circumstances and parameter
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values. By leveraging prior data, stochastic models can estimate the likelihood of future
events, making them more advanced than deterministic models. In predicting future costs,
a stochastic model’s ability to provide a variety of potential outcomes can be extremely
helpful compared to a single value using deterministic models with limited knowledge of
error margins [106].

To understand the independent operational elements influencing the implementation
costs of the supply chain for AM, prior research on supply chain cost analysis was carried
out. Thomas [108] suggested a method for analysing the societal costs and benefits of a
sample mechanical product by using operational cost data to pinpoint the areas where AM
would be able to increase overall efficiency and lower total costs. A stochastic optimisation
cost model was subsequently presented by Scott and Harrison [109] to assist companies in
determining when AM will have a supply chain superior to conventional manufacturing.
It was claimed that lowering material costs might lead to a rise in the use of AM. Similar to
this, Emelogu et al. [110] established a stochastic programming model to describe supply
chain costs, with an emphasis on biomedical implants produced by AM and conventional
manufacturing. Inventory, transportation, and product lead time expenses associated with
AM biomedical implants were included in the quantitative study of AM supply chain
costs. To identify the cost factors that may have a substantial influence on the economic
viability of AM components for biomedical applications, a ratio between the unit production
costs of AM and conventional manufacturing, as well as product lead time and demands,
was created.

e  Software-based Computational Modelling

Software productivity, simplicity, and the speed of developing software models have
significantly increased thanks to computer-aided software engineering [72]. Software-based
computational models can process the part design and use a combination of deterministic
and stochastic modelling to estimate the cost of producing a part. They can automatically
assess the part CAD model and calculate the potential material and support requirements.
Web-based programmes have been widely used for pricing AM of part designs in a range
of materials.

Luoetal. [111] studied web-based price quotation models and provided a fundamental
cost model for use in their AM product quoting system. A 3D CAD model file may be
opened in the client-side homepage software, allowing customers to receive a product
quote directly from the file. Angelo and Stefano [112] provided a parametric way to create
a cost estimate that is suitable for web-based e-commerce. The suggested study examines
the geometric aspects in relation to the build time of the primary layer. However, the model
makes several assumptions due to a lack of in-depth research on activities. Estimation using
the suggested approach also calls for the remote transmission of a few process parameters.
A web-based automatic quote system was created by Lan et al. [113], which can deliver fast
price quotations for Stereolithography components throughout the early stages of product
development. The algorithm takes into account the 3D model’s geometrical details and the
support structures’ value, which is calculated using a statistical technique.

One of the most intriguing characteristics of costing software that uses CAD is the
ability to incorporate cost estimation as a module. A technique for calculating AM build
costs using a commercial 3D solid modelling application was put out by Barclift et al. [114].
A case study was used to illustrate a pricing model for a metal automotive part manufac-
tured using AM. It showed that poor build volume packing and orientation may cause
powder depreciation costs to more than double compared to the material costs. In addition
to the software, Dinda et al. [115] presented a mobile application that makes use of machine
parameters and voxel-based manufacturability analysis. Inputting a 3D model of the part,
the application calculated an estimated build time, the quantity of material required for
the component and supports, and the 3D printing cost, empowering users to choose an
optimal method and building orientation.
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Activity Based Cost Models

Other Cost Models

6. Development of Costing and Evaluation of AM Cost Models

The earliest attempts at costing for AM dates to the late 1990s. The models mostly
focused on polymer-based AM technologies, such as Fused Deposition Modelling and
Stereolithography and only partially included production costs [10]. Simple cost models
were created based on direct expenses [89], a computation of the build time [116], and to
account for specific cost aspects in the production domain. These conventional cost models
were created using the presumption that the target component will be manufactured using
a certain AM method, estimated as a single unit part and verified using case studies. They
often employed intuitive or analogical methodologies and concentrated on process-oriented
cost factors. During this time, the first Activity- Based Costing (ABC) framework was
proposed for AM. ABC blends quantitative parametric and analytical techniques. Rather
than using a generic factory-wide overhead rate assigned to each production department
based on a base characteristic like labour content, machine hours or units of output, ABC
is a more practical approach to modelling manufacturing processes using actual physical
activities and their main cost drivers to model process costs [117].

Figure 8 shows the timeline of the progress in cost estimation models for AM. The
analysis of the literature on cost modelling for AM from 1998 to 2024 indicates two distinct
periods: (i) the initial period led by the work of Alexander et al. [78], focused on rapid
prototyping and rapid manufacturing mainly for polymer materials and (ii) the second
period, with the majority of the research focused on various metal AM processes. The
earlier models on polymer materials were later evolved into cost models for metal AM.
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Figure 8. Progress in cost models for AM as a timeline.

Whilst the focus of this paper is on costing for metal AM, the cost models of poly-
mer AM are briefly discussed in the following section since they provide the founda-
tion of costing for metal AM by comparing the cost drivers between AM and traditional
subtractive manufacturing.

6.1. Cost Models for Polymer AM

Alexander et al. [78] created an ABC model for AM to investigate the impact of part
build orientation on part manufacturing costs. The overall cost (C,;) is broken down into
three categories (i) pre-processing (Cpre), (ii) build (Cpyj14), and (iii) post-processing (Cpost),
as shown in Equation (1) for AM of polymer materials.

Crotal = Cpre + Cpuita + Cpast (1)
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This model formed the foundation of generalised ABC models for costing AM. Each
stage was segmented into activities with associated cost and time drivers. Although the
overall model is still relevant and Alexander et al. [78] provided a detailed overview of the
activities involved in AM, this model was based on the AM landscape in 1998. The model used
deterministic average values from experiments instead of detailed parameter breakdowns.

Later, Xu et al. [118] developed an operation-based analytical cost estimate approach
for their cost model for polymer AM processes. They broke down the overall cost into
the costs associated with pre-processing, processing and post-processing similar to that
proposed by Alexander et al. [78]. They performed a detailed time study which revealed
the associated cost drivers such as design tools, labour, energy and overhead expenses.
They adopted a model (Equation (2)) for machining to derive an hourly rate for various
RP machines which can be used for estimating the processing costs of a machine if the
processing time is known.

77 = (1+ Oop) - Wo + (1 + Ope,) - 8723"7;‘% )
where 7 is the hourly rate, Opj, is the operator’s overhead, W is the operator’s hourly salary,
Oper, is machine’s overhead, Py, is the machine’s purchase cost and T}, is the machine’s
amortisation period. Xu et al. [118] mentioned that the machine’s power consumption was
considered. However, it was not reflected in the model presented in Equation (2).

Ruffo et al. [119] examined the effect of overhead costs for Laser Sintering using an
ABC approach [89]. They assumed that in AM, the overheads can be distributed across the
volume of parts rather than being constant for all quantities of manufacturing. According
to Ruffo, assuming a constant cost is only reasonable when manufacturing a significant
volume of the same component. The cost estimation relationship given by Ruffo et al. [119]
is that the cost of a build (Costp) is calculated by adding the indirect cost associated with
the building time (fp) and the direct cost associated with the mass of the material utilised
during manufacture (mp):

Costp = Costy, + Costyy, 3)
where direct Cost
Costyyy = P——— 4)
co, - ERtL o, 5
mp =p X Vp (6)
tp = tyy + 1tz +thc @)

where p is the material’s density, Vj is the part volume, ty, is the time to laser scan the
area and its boundaries so that the powder may be sintered, t, is the time to add powder
layers (recoating time) and tpc is the time it takes to heat or cool the bed before and
after scanning, respectively, adding layers of powder or just the waiting time to reach the
required temperature.

In Ruffo et al. [119], a build chamber is represented as a 3D matrix with various
components, each corresponding to a construction section. The increase in component cost
within this matrix is due to three factors: (i) the addition of a new row when introducing a
part as the prior row is filled, (ii) placing a new layer on top as the previous one reaches
capacity and (iii) needing a completely new build for new components when the chamber is
full. Each of these events results in the inclusion of new components, necessitating greater
utilisation of resources in terms of both time and materials.

With the addition of powder recycling and more precise overhead expenses, such as
labour as an indirect cost that is proportionate to machine operating time, Ruffo et al. [119]
created a model that was more accurate than previous models. Energy consumption is
applied as an overhead expense rather than a direct cost. The machine uptime is set at
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a more realistic 57%; however, failure and maintenance are not considered. The model’s
activities break down the build process but do not consider energy consumption as a direct
cost and do not account for equipment setup or post-processing time.

6.2. Cost Models for Metal AM

As shown in Figure 8, the first effort on cost modelling for metal AM was reported
by Allen [120] with a focus on titanium alloy aero-engine components. The model made a
comparison of the cost of obtaining a near net shape by considering simply the material cost
and cost of machining. Critical parameters were addressed such as powder usage efficiency,
energy, labour and depreciation to be used in the costing of future deposition systems. This
study provided an initial foundation for understanding the costs involved, the difference
between the buy-to-fly ratios of AM and traditional machining and its implications on the
overall cost.

Through PBF-LB, Baumers et al. [120] analysed metal AM techniques. Using an
ABC model akin to Ruffo et al. [119], they applied direct (material, energy) and indirect
(administrative, production, labour, and machine) expenses, grouping energy as a direct
cost during the build. The total cost for each build is as follows:

Couitd = (Crugirect X Tpuita) + (W X Prag material) + (Ebuita X Penergy) 8)

where Cpygirec: s the indirect cost per unit of time spent using machinery, Tp,;;4 is the total
build time, w is the component’s net weight in the build (including the support structure),
Praw materiar 1S the price per kg of raw material, Ep,,;;; is the total energy consumption per
build and Peergy is the mean price of electricity.

The part orientation during the build can affect the support structure needed for
producing a part, which will impact the overall material and time required. This in turn
can impact the overall manufacturing cost. Therefore, optimising the position of the part
without sacrificing the nesting potential is essential to efficiently utilise space, build time
and material.

Previous models anticipated the manufacture of many identical parts, with any unused
space in the build chamber being empty. Baumers et al. [121] noted that it was typical for
AM users to pack the build area with as many pieces as they could to boost productivity
and increase efficiency. To assign space for individual components in the build chamber,
they used a workspace packing technique devised by Hur et al. [122] that makes use of
voxel approximations of part geometry; in this case, each part is supposed to be composed
of tiny voxel cubes. A higher voxel resolution can potentially lead to more efficient packing.
Equation (9) may be used to determine the build time:

z Y x
Tyuita = Tsetup + (Tlayer x 1 ) + 2 Z Z Tooxel xyz (9)
z=1y=1x=1

where Tgeyp is the setup time for each build, I is the number of layers, Tlaye, is the time per
layer and Typyel . 1s the time needed to process each voxel.

Non-variable operations in each job (warm-up/cool-down), constant baseline energy
consumption throughout the development, energy necessary for layer recoating, and
energy consumption based on geometry were all included in the final energy consumption
calculation demonstrated in Equation (10).

z My X

Epuita = Ejob + (Pmﬂchine X TBuild ) + (Elayer x 1 ) + Zl Zl Zl Evoxel xyz (10)
z=ly=1x=

where Ejp is the energy consumption associated with a build including pre- and post-build
operations, Pyacpine is the base power consumption of the machine, Tg,,;;4 is the overall build
time, Ejaye; is the energy consumption per layer, [ is the number of layers and Eqgye; xy. 18
the energy needed for processing each voxel.
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A collection of components typically produced by PBF-LB was chosen to cover a wide
range of sizes, shapes and functionalities. The study found that as the size and geometrical
intricacy of the component decreased, there was a notable reduction in the cost and energy
consumption per part. The capability to compactly arrange the manufacturing process for
smaller components also enabled the cost factors to be distributed more evenly across each part.

Baumers et al. [121] did not take into account any pre- or post-processing needed
to guarantee the part performance. Energy costs were bundled along with other direct
expenses for pre- and post-processing. This model provided an improved accuracy for esti-
mating energy calculations and construction time compared to previous models. Nonethe-
less, a distinction between four cost elements was missing in the model, namely (i) process
control and (ii) material depreciation in the primary step of pre-processing and (iii) material
and (iv) testing cost elements in the last step of post-processing.

According to Lindemann et al. [85], earlier methods had each concentrated on a
particular step in the process, but none had created a comprehensive cost model. They
proposed a “Time Driven Activity-Based Costing” methodology for their analysis. This
methodology is an adapted version of ABC, developed by Kaplan and Anderson [123],
where you need two parameters: capacity cost rate and estimated time for the activities in
service delivery. Capacity cost rate is calculated by dividing total cost of all the resources to
the performing time. The following four key procedures were determined to be responsible
for cost allocation:

Build job preparation;
Build;

Support removal;
Post-processing.

For the purpose of being able to depict various cost centres, the primary processes
were chosen. The cost breakdown proposed by Lindemann et al. [85] closely resembles
Equation (3) suggested by Ruffo et al [119]. A similar method of computing material cost
to Ruffo et al.’s [119], has been used here with the following modifications:

e Energy and gas are grouped as direct costs.
e  Fixed labour and gas costs for each build.

Lindemann et al. [85] also considered post-processing which includes the removal of
supports, surface treatment, quality control procedures, documentation and verification. They
concluded that machine costs, material costs, and post-processing were the most significant
factors in total process costs. The analysis showed that the excess treatment needed to obtain
a comparable finish to that produced by conventional manufacturing techniques must be
included for a fair comparison. In addition, Lindemann et al. [85] foresaw that with the
widespread use of AM technology, costs might be reduced by as much as 50% in the not-too-
distant future due to greater machine utilisation, faster build times and lower material prices.
They noted that the main driver of the cost was machine costs, followed by material costs.
However, supporting data were limited and based on assumptions.

The cost model given by Yim and Rosen [73] broke down total costs into four categories:
(i) initial investment, (ii) operating expenses, (iii) raw materials and (iv) labour. They
constructed their cost model utilising a breakdown cost estimate technique. The build time
is thought of as a function of the operating cost. The cost of the material is anticipated
using the material volume of the element and supporting structures, along with the price
of the material. The expenses of manual labour throughout the pre-processing and post-
processing stages were included in the labour cost. A labour rate and an operation rate
were used to define the labour and operation costs based on the time. The sum of the three
main contributions, (i) recoating time, (ii) material processing time, and (iii) delay time,
determines the overall build time.

An AM technology cost model was created by Atzeni and Salmi [80]. For their cost
model, they used a breakdown cost estimation strategy. The costs for materials, pre-processing,
processing and post-processing are separated in this cost model, as originally proposed by
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Alexander et al. [78]. The cost of the material was calculated by multiplying the product’s
volume by the substance’s unit price. The setup time and operator rate are multiplied to deter-
mine the pre-processing cost. By calculating machine costs and the number of components
manufactured in each build, processing costs were approximated. To evaluate post-processing
expenses, the operator rate and heat treatment costs were considered.

In contrast to prior models, Rickenbacher et al. [124] proposed a comprehensive ABC
model that included an in-depth study of all processes, including pre- and post-processing.
They also saw that other models had either concentrated on producing many distinct
known components or just one specific known part. The main innovations included in the
model of Rickenbacher et al. [124] were as follows:

Modelling many distinct geometries in a single build.
An algorithm to determine how much time each component of the build will take in
proportion.

e A linear regression analysis of 24 separate builds was used to estimate the build time.

The cost model was created for numerous component geometries but is similar to the
one used by Alexander et al. [78]. Activities are divided into the following seven categories,
with the cost of each step added together to obtain the overall cost of each part:

Preparation;

Build job preparation;
Machine setup;

Build job;

Removal;

Build plate removal;
Post-processing.

By enabling analysis of builds with different component geometries and adding
thorough pre-processing, Rickenbacher et al. [124] achieved a significant advancement
above earlier models. The application of factors to simulate material changes and inert
gas management is a significant development in cost modelling for AM. However, there
are a few limitations to the model: The labour costs are consistent for various activities.
Energy costs are not taken into account in the model and minimal details are provided
on the post-processing activities. Heat treatment, material removal and machining are
bundled as a single operation, and the post-processing time is underestimated at 0.1 h. The
construction time estimator likewise has limitations, and no parameters for calculating
machine costs are stated. The warmup and cool down durations are estimated using a
regression model which is part geometry, setup and machine-dependant and requires prior
experimental data.

Schroder et al. [86] took into account earlier AM cost models and claimed that the
following elements are necessary to achieve a comprehensive model:

Integration of support structures, powder recycling, and waste of material;
Calculation of the build time;

Maximising build chamber space;

Representation of part complexity;

Post-processing;

Quality control.

The proposed model consists of seven primary process phases: (i) design and planning,
(i) material processing, (iii) machine preparation, (iv) manufacturing, (v) post-processing,
(vi) administration and sales and (vii) quality control. In this model, different subprocesses
exist for every major process phase and there is a distinct cost function for each subprocess.

The cost calculation tool determines a few significant key numbers in addition to
the expenses of all major process phases. The tool incorporates all cost functions for each
phase of the process. A total of 77 input values are required and a sensitivity analysis is
performed. The purpose of the sensitivity analysis is to pinpoint any unique economic
implications of AM. Based on their analysis, Schroder et al. [86] identified that the machine
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and material costs are the main drivers of costs, as was also highlighted by Ruffo et al. [119],
Lindemann et al. [85] and Ingole et al. [125]. They also noted the importance of post-
processing specifically for smaller parts and highlighted that only small-volume sections
benefit from economies of scale.

In their cost model, Schroder et al. [86] included design and planning, management
and sales and quality, none of which were included as distinct activities in earlier models.
Parts will need additional design procedures in order to be ready for AM, but this need not
be an additional task if the component was originally intended for AM.

Using the ABC technique, Barclift et al. [126] provided a cost model for a PBF process.
They included the metal powder’s degradation in their model. Powder or feedstock
expenses were formerly always regarded as fixed material costs. The Sum-of-the-Years
technique was used by the authors to calculate the powder’s depreciation. Two components
created using PBF-LB techniques were the subject of a case study. Their research showed
that depending on the material and the number of times it may be constructed in a PBF,
cost models using a constant material cost can undervalue the built parts with high-value
virgin powder by as much as 3-11% or 13-75%.

By considering the whole AM process rather than just one aspect, Fera et al. [127]
sought to improve earlier models by creating a model that represents numerous AM
processes for the production of various geometries. The process is divided into the following
activities, and the following cost drivers may be attributed to each of them: preparation,
build job, setup, build (warm-up, scanning, re-coating, cool-down), and removal. The
dynamic model also incorporates gas and energy prices, various geometries in a single
build and a mixture of activity time estimates from earlier models.

The downside of the model by Fera et al. [127] is that some important post-processing
processes are ignored, including heat treatments, material removal, build plate removal and
finish processing. As the model intends to analyse the cost of production of a component
made using AM, post-processing costs might be included using typical costing models
for these activities. As a result, a single formula for all potential post-processing is time-
consuming and out of scope. Full post-processing must be accounted for in the model
in order to produce a functional part. Fera et al. [127] put out this model to calculate the
expenses associated with integrating AM systems like Stereolithography, PBF-LB and EBM
in a general production process on the shop floor. The advent of the Overall Equipment
Effectiveness (OEE) index, which made it possible for this assessment to be more closely tied
to actual production systems, served as a model for the integration of AM in the industry.

Yang and Li [128] used the ABC estimation technique, covering the pre-processing,
processing and post-processing stages. Their model takes into account different compo-
nent complexity, volume and height levels using a sorting algorithm. The cost of energy
utilisation is influenced by the maximum height of the components in the production
batch as well as a certain layer thickness. The labour expense only consists of tasks carried
out before and after production. Part material and support structure material costs are
two sources of material costs. As part of the overhead costs, this model also included the
cost of machine depreciation, maintenance and administration. A model that examines
the cost performance for mixed geometries was discovered. The material cost and the
original investment are recognised as the primary variable costs based on the findings of
the sensitivity analysis.

Priarone et al. [129] explored various methods that encompassed cost, production
duration, energy consumption, and environmental effects. They conducted a case study
to examine the framework and identified the solid to cavity ratio as the critical factor to
consider. The case study revealed that as the solid to cavity ratio increased, both processing
time and total costs also increased.

A methodology for calculating the cost of AM systems that use metal as the primary
feedstock was proposed by Ulu et al. [130]. They used a process-based approach for
cost estimation. Costs for materials, labour, energy, and equipment were all significant
contributing components in their model. They showed that more cost-effective results
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are projected with the same amount of material by combining the construction of high-
stress parts with lower power values to acquire better yield strength and boost the power
elsewhere to minimise the number of passes and the build time.

An in-depth analysis of cost estimation models for products made using AM has
shown that each of these cost estimation models is focused on certain AM processes, the
most complete of which does not take into consideration a number of crucial components,
including the recycling of AM materials, process control, testing of the finished products
and the material utilised throughout the building and post-processing phases. These are
essential cost components that contribute significantly to the entire cost of production.

Lamei [81] modified and expanded the model by Alexander et al. [78] and considered
the impact of producing multiple parts in a single build. The total cost per component can
be estimated using Equation (11). Given that various AM systems may create N identical
parts during a single build, the total cost per component is represented as follows:

1
Totalcest = <N) X (Cprep + Cprocessing + Cpost) (11)

where Cprep, Cprocessing and Cpost are the costs for pre-processing, processing and post-
processing activities.

The pre-processing includes all of the preliminary work required before building a
part and includes labour and overhead costs, as shown in Equation (12).

Cprep = Cr1+ Com (12)

where Cj is the labour cost and Cpp is overhead costs.

The second action, processing, may start after all preparatory tasks are finished. The
AM system begins to construct the component during this activity. The expenses associated
with this operation include those for the materials, equipment, labour, energy, process
control and overhead. The processing cost can be estimated using Equation (13).

Cprocessing = Cmat + CMach + Cr2 + Ce + Cpc + Com (13)

where Cpy,; is the cost of material required for the build, Cy,j, is the AM machine cost, Cj,
is the labour cost, C is the cost of the energy consumed by the AM machine, Cpc is the
processing control cost and Copp represents the overhead cost.

Post-processing is the final action considered in this study, which occurs immediately
after the processing operation. Consumables, equipment, labour, energy, inspection and
overhead costs needed to perform post-processing are considered. As a result, Equation (14)
is used to calculate the post-processing cost:

Cpos = Cmatz + Cpacnz + Crz + Ce3 + Cr + Cons (14)

where Cy,s3 is the material cost, Cpy,en3 is the machine cost, Cy 3 is the labour cost, Cgj is
the energy cost, Cr is the inspection cost and Cpps is the overhead cost.

Lamei [81] also evaluated the validity of the proposed cost model by examining a total
of eight parts with similar weight, shape, size and geometry made using PBF-LB. It was
determined that conventional manufacturing processes would cost less than one-fourth of
what the predicted cost of AM would be. These components are not suitable for production
using AM. About 86% of the overall cost was spent on part processing, of which 81% went
to equipment, overhead, and energy. Only 7% of the cost was due to the materials and 12%
was associated with labour. Although a detailed cost estimation was aimed for, the gas
consumption and cost of consumables were neglected in this model.

Griffin et al. [131] developed a hybrid-cost model to estimate production costs at the
process level while accounting for system-level factors such as those seen in supply chain
and operations management. It is a framework that takes into account the production
costs of AM, identifies cost drivers and governs the choice of AM technology, compo-
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nents and production parameters with possible investment in mind. This approach has
been developed to consider the investment options in AM and offers more flexibility for
decision makers.

The overall cost of making a component on a certain AM machine is determined by
the build volume, build time, availability of the machine and power and material expenses.
Griffin et al. [131] derived an overall cost model based on the overall cost of ownership of
an AM machine.

_ P
Ctotal = (Cmuchine,init + Cmat,inz‘t) + (Cmuchine,yr =+ Cpower,yr + Cmat,yr) (ZI Tw, l) (15)

where ¢y, is the total cost to fabricate a part using AM, c,,;qchine,init is @ one-off cost for
the AM equipment, Cyqt,nit is the cost of the initial mass of the material, ¢;achine,yr is the
recurring annual costs of the AM equipment, Cpower,yr 18 the annual cost of power, Crmatyr 18

the annual cost of the material, (%, Tw, | ) is the weighted average cost of material for the

lifespan (I) of the equipment and 7, is the required rate of return.

The framework proposed by Griffin et al. [131] offers practitioners and prospective
investors estimates via straightforward calculations. It also helps in conducting a direct
comparison of make or buy strategies for AM. However, it does not address the costs and
varying aspects apart from the production stage. One of the main assumptions used in
this model was that a part is produced in high volume which utilises the entire build area,
which is not the case in a typical industry as the manufacturers can utilise the machine at
decreased build capacity. Nonetheless, in order to choose which AM equipment and AM
technique best fits their budget and needs, potential investors might utilise this approach.

The activity-based costing approach has been used for PBF-LB and WAAM in recent
studies [90,94]. Cardeal et al. [90] investigated supply chain and maintenance activities and
performed a stock analysis on PBF-LB metal parts, which is a good example for inclusion
of system-level parameters into a cost model. However, the post-processing activities
were simplified and the uncertainty of the lead time was not sconsidered. Dias et al. [94]
developed a detailed process-based cost model for WAAM with on-site time measurements,
revealing that a significant 34% reduction in production cost can be achieved by replacing
conventional manufacturing methods with WAAM. The model considered the primary
WAAM stages from setup to final machining. However, it can be further enhanced by also
representing the distribution of overall costs across these activities.

Mandolini et al. [132] developed an analytical cost model for the L-DED process which
was tested for manufacturing of a rocket nozzle and a landing gear. The results from the
analytical model deviated by 10% from the actual costs. Cost drivers such as material,
labour and equipment were included. However, the costing was only performed for the
setup, build and part removal processes and ignored the post-processing steps.

7. Discussion and Future Work

Despite developments in cost estimation for AM over the past two decades, a signifi-
cant gap remains in costing for AM and there is no generalised model suitable for various
DED AM processes. The majority of the studies have concentrated on specific processes or
aimed to compare or justify the use of AM as an alternative manufacturing process to that
of other conventional processes. The initial focus was on producing identical parts using
AM to those made by conventional manufacturing processes. As the research progressed,
it became evident that the manufacturing flexibility of AM allows for producing parts that
deliver the required function whilst reducing the material required. For parts produced
using expensive materials, this can lead to reduced production costs. Therefore, designing
parts specifically for AM can leverage its unique capabilities, such as complex geometries
and lightweight structures. Additionally, optimised AM designs can improve performance
characteristics. The assembly time can be reduced by consolidating multiple components
into a single part, which decreases the lead times and contributes to overall economic
advantages in the production process.
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These observations indicate that there is a growing need for accurate cost estimation
for manufacturing systems which incorporate AM as their central manufacturing process.
The distinct difference between these systems is that AM is a near-net-shape manufacturing
process and the parts generated require pre-processing and post-processing. The pre-and post-
processing requirements in AM are not only affected by the part’s function and application
but also by the geometries defined at the design stage and the specific AM process used.

Often, the pre-and post-processing costs can surpass the direct AM costs. In this
scenario, AM can be a direct replacement for processes such as casting, forging or rough
machining. This necessitates a thorough understanding of the costs involved in the whole
manufacturing cycle, including pre- and post-processing, rather than only the direct AM
costs. This trend is also evident from the research on cost estimation for AM. Whilst the
early studies focused on the AM process itself, more recent developments aim to capture the
costs involved in the whole manufacturing chain using AM. Process development, testing
and benchmarking steps are necessary to ensure the successful implementation of AM and
should be involved in costing. The time and resources invested in the process validation
phase cannot be neglected, as well as equipment and training costs. Furthermore, material
selection and optimisation require extensive testing, which can contribute significantly to
the overall cost.

The investigations showed that most studies have been focused on deterministic
models, with few researchers implementing stochastic models. Whilst deterministic models
can provide insights into the costs involved, they often fail to capture intrinsic and stochastic
variations involved in AM. Compared to other processes, the stochastic variations can be
larger and more profound in AM since they can also affect the material properties, feedstock
reuse and thermal effects, as well as the time-dependent variables.

In the production of large AM products, such as the ones in aerospace or marine
industries, pre- and post-processing may require transportation to different sites, which
necessitates the inclusion of supply chains into the model. This also provides an opportunity
for AM where high transportation costs justify local production using AM. Activity-based
costing (ABC) has the capability to take the uncertainties involved in the production using
AM and is also one of the main methods used by researchers for developing cost models.
While there are some studies on the use of machine learning for cost estimation of AM
processes, the application of machine learning is somewhat limited and not comparable to
other areas of research. Machine learning models also require significant historical data
which may become available in the future. However, synthesised data can be used for
training machine learning costing models. These models can analyse CAD models, consider
multiple build strategies and estimate costs for manufacturing of a part, including pre-
and post-processes.

The majority of the work on cost modelling for AM is centred on case studies focused
on specific parts and AM processes. Given the diversity of AM technologies, materials,
equipment and applications, it is difficult to generalise these cost models and the cost
estimates might vary greatly between different models. The pre- and post-processing
requirements and their associated costs are greatly influenced by the part design, specific
AM technology and application. For instance, a part produced by Laser Powder Bed Fusion
for aerospace applications may require extensive powder removal, including hydrofluoric
acid cleaning, heat treatment and hot isostatic pressing (HIPing), which may not have
been necessary if a wire feedstock was used. The time required to spread a fresh layer of
powder across the previous layer using a roller during the build in L-PBF processes is also
as important as the powder removal time. The powder rolling time varies depending on
the system and it has been observed that it is neglected in build-time calculations when
cost models are generalised.

DED processes such as WAAM have poor surface quality and integrity and hence
post-processing operations such as machining are an essential requirement. Therefore, all
the stages including machining should be considered. Various aspects such as machine
investment and labour cost, energy consumption, cutting fluid consumption, cutting tools



J. Manuf. Mater. Process. 2024, 8, 142

24 of 31

and tooling, and waste processing/recycling have to be included for the post-processing
stage of the AM-fabricated parts.

Traditional models have predominantly focused on the deposition rate and its im-
pact on overall production costs when timing activities to calculate labour and energy
costs. However, minimising non-deposition time can also provide substantial reductions
in total processing time. Non-deposition time may include stochastic elements such as
inter-layer cooling time in WAAM, manual interventions during the process, restocking
the powder/wire, etc., which have been largely overlooked by the earlier models. Whilst
a degree of autonomy has been achieved in PBF processes, Wire-DED processes largely
require supervision and manual intervention during the build process. This limits ma-
chine utilisation which can increase the overheads costs and those associated with capital
investments per component.

Figure 9 shows an example curve of production costs per part against production
volume for both PBF and DED processes when parameters such as coating time and inter-
layer cooling time are considered. As also stated by Ruffo et al. [119], the time to add
powder layers (recoating time) and predetermined warm-up and cool-down durations
during each construction phase are responsible for the curve’s variability in Figure 9a.
The cost per part goes down as the number of parts in a build increases and goes up
again when the increase in the number of parts overflows to another build. As costs are
dispersed across more parts, the cost curve stabilises at increasing production volumes. In
the context of DED processes, the cost per part initially decreases as the production volume
increases. The effect of inter-layer cooling time and machine uptime remain inconsequential
as the machine seamlessly transitions to construct layers for other parts during this phase.
However, there is a threshold at the number of parts where these factors become significant,
leading to a slight increase in the cost per part. It is possible to reduce the cost again with
the introduction of new machines into the system, as suggested by Dias et al. [94]. The
exploration of economy of scale in AM necessitates a comprehensive examination that takes
into account crucial parameters and opportunities in the domain of cost modelling studies.
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Figure 9. Example curves of cost per part against production volume: (a) PBF; (b) DED.

Considering the production parameters, several key strategies applicable to different
AM processes can be employed in cost modelling studies with the aim of reducing produc-
tion costs. Firstly, the number of build cycles can be reduced by efficiently packing the build
chamber and optimising the part orientation. Secondly, designing parts to minimise the
need for support structures can significantly reduce the material consumption and build
time, which also impacts the material removal time. Therefore, it is essential to consider
the post-processing activities at the design stage. Other useful strategies during the build
process include using thicker layers where technically feasible and minimising machine
idle time, which would speed up the process through faster deposition and maximum
utilisation. Recycling and re-using powder in powder-based processes should also be con-
sidered as it can provide substantial savings. Implementing a robust quality control system,
similar to traditional manufacturing, can enhance efficiency by preventing defects and
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reducing the need for rework. Cost modelling should incorporate the cost of integrating
advanced control systems into AM to ensure comprehensive cost optimisation.

In addition to production-related parameters, market demand for the product, avail-
ability of resources, and delivery timelines play an important role in the estimation of the
cost of a finished product. Hence, these aspects must also be considered in designing a
robust cost model. Figure 10 shows the cost elements that can be considered for producing
a comprehensive cost model. Some elements that have not been considered in the literature
have been added, which include market demand in the pre-processing stage; lead time
and shielding gas costs in the processing stage; and cutting tool, lubrication or coolants,
recycling and labour charges in the post-processing phase. Recycling of the machining
chips obtained from machining, cutting tools, lubrication or coolants and solutions or
chemicals are important as the focus of the machining industry is shifting towards sustain-
ability and the economic viability is an important pillar in supporting the foundation of
sustainability [133].
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Figure 10. Cost elements that can be included to obtain a comprehensive model.

Whilst the cost estimation models found in the literature can provide a comprehensive
view of the AM processing, they do not capture the impact that the design and pre-
processing have on the overall costs. There is an opportunity to further break down these
models into distinct activities and identify the interrelations between different components
of the models. Part orientation can affect the material properties and powder and support
structure removal, whilst process parameters can impact energy consumption, material
properties, the need for post-processing and material reuse. These can potentially be
incorporated into a simulation-based or computational model. It is also noteworthy to
mention that existing cost models may not apply to some specific post-processing activities
for AM processes, such as powder removal for PBF, and specific tooling requirements for
finish machining processes.

8. Conclusions

This paper provides a comprehensive review of advances in cost modelling techniques
for metal additive manufacturing (AM) and identifies important, often-overlooked cost
elements that needs to be considered for developing a comprehensive cost model.
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With the increasing adoption of AM in industry and its incorporation in mainstream
manufacturing systems, there is a growing need for a better understanding of the production
costs involved when using AM. Cost estimation and prediction for part production are
necessary for decision making, which will have a substantial impact on the future adoption
and growth of AM technologies. There have been a multitude of cost models proposed over the
past two decades which are concentrated on specific parts, processes and applications. Recent
advances have focused on developing generalisable models that can be used for different
AM processes and applications. The complexities and intrinsic behaviour of AM cannot
entirely be captured by static deterministic models and further developments in stochastic and
dynamic cost models are necessary. This can potentially lead to the development of digital
twins capable of analysing and predicting manufacturing costs for AM. In addition, when
using AM as a primary manufacturing process, decisions at the early stages of design such as
the processing parameters and the selection of the AM process can have a profound impact on
the pre-and post-processing costs. However, in existing cost models, different cost variables
are considered independent, and the interrelationships are neglected.

Future developments should concentrate on identifying the interactions of different
cost variables, taking into account the stochastic nature of the process costs and integrating
these into the design of the part. There is a need for more transparent and standardised
methodologies that can be used across different application areas to facilitate benchmarking,
sharing of knowledge and collaboration between researchers and practitioners in the field.
More empirical studies should be carried out to validate and improve existing cost models
and to identify new factors that may affect the cost of AM processes.
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Abbreviations

ABC Activity-based costing

AM Additive manufacturing

CMT Cold Metal Transfer

DED Directed Energy Deposition

DMD Direct Metal Deposition

EBAM Electron Beam Additive Manufacturing

EBF Electron Beam Fabrication
EBM Electron Beam Melting
HIP Hot isostatic pressing

LENS Laser Engineered Net Shaping
LMD Laser Matel Deposition

MIG Metal Inert Gas

PBF Powder Bed Fusion

PBF-EB  Powder Bed Fusion—Electron Beam
PBF-LB Powder Bed Fusion—Laser Beam
SLM Selective Laser Melting

SLS Selective Laser Sintering

WAAM  Wire Arc Additive Manufacturing
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